A material flow analysis (MFA) was conducted on neodymium, cobalt and platinum, which are among the critical metals most widely used in low-carbon technologies. In order to create a complete, global MFA system boundary, this study considered 231 countries and regions as listed in Table S1 . From the commodities traded internationally, all commodities k considered to contain the metals to be estimated (Nd, Co and Pt) were then selected. To this end, the Harmonized System ("HS-") codes (double-digit or six-digit), i.e. international standard trade category codes, were used. This led to selection of 153 commodities containing Nd, 160 commodities containing Co (including copper ore) and 151 commodities containing Pt.
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Materials and methods
A material flow analysis (MFA) was conducted on neodymium, cobalt and platinum, which are among the critical metals most widely used in low-carbon technologies. In order to create a complete, global MFA system boundary, this study considered 231 countries and regions as listed in Table S1 . From the commodities traded internationally, all commodities k considered to contain the metals to be estimated (Nd, Co and Pt) were then selected. To this end, the Harmonized System ("HS-") codes (double-digit or six-digit), i.e. international standard trade category codes, were used. This led to selection of 153 commodities containing Nd, 160 commodities containing Co (including copper ore) and 151 commodities containing Pt.
Trade volumes of selected commodities and establishment of cutoff values
We then examined the volumes of each of the selected commodities k traded between country i and country j, 
Estimates of metal contents of selected commodities
The percentage metal content c was assumed to be unique to commodity k and country j irrespective of the export destination. In this study, commodities were broadly divided into (1) ores, (2) materials, (3) products, S2 and (4) scrap and waste. A percentage metal content was then assigned to each category using the following method. The metal content per unit weight of the commodities (HS-codes) in categories (1), (2) and (4) was determined with reference to ore grades, composition formulae of compounds and content ratios specified by industrial standards, such as the International Organization for Standardization (ISO) and Japanese Industrial Standards (JIS).
For commodities categorized as (3) , academic literature, reports on technologies and inventory data for life cycle assessment were used as references to estimate the metal content per unit weight or output. These data sources estimate the metal content using bottom-up methods, such as disassembly of actual products, and then summing the amounts of metals contained in individual parts. Although the content ratios determined using such bottom-up approaches are highly reliable, disassembly investigations of this type are costly and the types of commodities for which such data can be obtained are limited. Data obtained from bottom-up investigations alone were therefore inadequate to assign a percentage metal content to all the commodities examined in this study.
Therefore, for each product, this study considered the metal content of trade flows in units of one million yen. This data was estimated using a Waste Input-Output Material Flow Analysis (WIO-MFA) model 2 integrating the Japanese input-output (IO) table, which covers all the products produced in Japan as well as technical data on metal use. Unlike bottom-up investigations, this top-down approach using WIO-MFA theoretically permits simultaneous estimation of the metal content of all the products defined in the IO table, which means that all the commodities selected in this study could be matched to products in the WIO-MFA. We therefore matched the selected commodities with the products in the WIO-MFA based on correspondence between the HS-codes and the IO table. We then used the metal contents from the top-down approach to obtain estimates for the commodities for which bottom-up content ratios were unavailable. The combination of bottom-up and top-down approaches increases the accuracy and comprehensiveness of the estimates of the amounts S3 and types of metals in internationally traded commodities. As the WIO-MFA that we used was developed based on the input-output (IO) table   3 for the year 2000, we adjusted the standard prices of products to the year 2005 using the deflator available from the 1995-2000-2005-linked IO table 4 . This study applied the metal content of a commodity obtained by WIO-MFA from the Japanese IO table to all countries alike, that is, it assumed, for instance, that automobiles exported from Japan and from other countries all have the same metal content. However, Japanese-made high-tech products like electric equipment, motor vehicles and precision apparatus often incorporate sophisticated functions requiring critical metals. The greatest concern with this assumption is therefore its tendency to overestimate metal volumes from countries exporting far less sophisticated products. It should be also noted that the metal volume of a low-priced product's flow, even if the production facts the same metal content as the Japanese product owing to sophisticated functions, is calculated as being smaller than that of a high-priced one exported from Japan, say, since the metal content obtained by WIO-MFA is a weight based on monetary value.
Adjustment of material balance within each country
The amounts of metals ( ) k ij t moving between countries in the trade of commodities were calculated by multiplying the international trade volume of each commodity, the assigned cutoff value and the percentage metal content:
. We then focused on the material balance of metals in country j to verify the correctness of ( ) k ij t , the estimated amount of metals moved. The input and output of a critical metal for a given country can be simplified as follows: first, the input is assumed to consist of the amount of the metal j g mined from the earth in country j, the amount of the metal is considered to be the amount of metal additionally accumulated in country j in a year. The amount of metal mined j g was estimated using data from the U.S. Geological Survey (USGS) 5 . Although the accumulated amount j s should be greater than or equal to zero, unfortunately the initially estimated j s based on the above data was negative in some countries, owing to difficulties associated with collecting data on metal content ratios by country and by commodity. This inconsistency in the material balance was resolved by solving the optimization problem by means of quadratic programming, the formulation being as follows.
Optimization to resolve inconsistencies in material balances
The amount of metal moving between countries (i, j) in trade commodity k,
v is as quoted in BACI, which has itself resolved the problem of inconsistency between the trade volumes reported by an exporting and an importing country of a given commodity, which in the context of the UN Comtrade database of internationally authorized trade data is referred to as the 'mirroring problem'. We therefore assumed that the inconsistency in metal material balance in certain countries was due to the settings of cutoff r depends on the definition of commodity k used in BACI. In the case of automobiles, for instance, the HS code for commodity k defined solely for automobiles also exists in BACI and the choice of
If the HS-code includes multiple commodities, however, the exact setting of x satisfies the following constraints:
The newly stocked amount j s after the adjustment of country j becomes Equation (S4):
The amounts of metals exported from country j are assumed to satisfy the following logical constraints dictated by the sequence of commodity processing. For instance, the amount of metals exported as ores ( k O ∈ ) from country j is less than or equal to the total amount of metals mined and imported as ores in the country.
Similarly, the amount of metals exported as materials ( k M ∈ ), products ( k P ∈ ) and scrap and waste ( k S ∈ ) are constrained by Equations (S6), (S7) and (S8), respectively.
In addition, the total movement of the metals themselves is assumed to remain unchanged from the initial estimate, even after the adjustment:
The following is given on condition of non-zero:
Taking Equations (S1) through (S10) as constraints, the quadratic problem having the square sum of the differences in the amounts of movement before and after the adjustment as the objective function was solved as shown in Equation (S11). This study analyzed the material flow of metals using
with the optimal solution
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Results
Cobalt
Characterization of traded commodities containing cobalt
When the 159 types of internationally traded commodities containing Co (excluding copper ore) were categorized similarly to Nd in the main paper, 22 emerged as green-flow commodities, 49 as yellow-flow commodities and the remaining 88 as red-flow commodities. Table S3 reports the categories of traded commodities for Co. Table 1B 
Platinum
Characterization of traded commodities containing platinum
Of the 151 types of commodities containing Pt, 14 were classified as green-flow commodities, 58 as yellow-flow commodities and the remaining 79 as red-flow commodities. Table S4 reports the categories of traded commodities for platinum. Table 1C 
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